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OPTICSIM: OPTİK AĞLARDA YÖNLENDİRME VE DALGA BOYU 
ATAMASI İÇİN TASARLANMIŞ BENZETİM YAZILIMI 
ÖZET 
Geçtiğimiz on yıl içerisinde, bilgisayar ve telekomünikasyon ağlarında çok şiddetli 
bir değişim yaşamıştır. Internetin hızlı şekilde büyümesiyle, ağlardaki band 
genişliğinin artması yönünde büyük bir ihtiyaç oluşmuştur.  Dalgaboyu bölümlemeli 
çoğullama (Wavelength Division Multiplexing), optik liflerdeki büyük band 
genişliğini değerlendirme açısından umut verici bir teknoloji olarak ortaya çıkmıştır. 
Bu gelişmenin sonucu olarak, yönlendirme ve dalga boyu atama optik ağlarda en 
önemli konulardan birini oluşturmuştur. Eski protokol yapısını yeni büyük kapasiteli 
optik ağlara uyarlama ve optik ağların kapasitesini etkili şekilde kullanma açısından 
yeni teknikler ve algoritmalar ileri sürülmüştür. WDM aynı optik lif üzerinde birden 
fazla veri akışını sağlayabildiği için etkili bir teknolojidir. Bir optik ağ üzerinde veri 
akışını etkili şekilde gerçeklemek zor bir problemdir ve algoritmik bir yaklaşım 
gerektirir.  
Yüksek kapasite sağlanmasına rağmen, O/E (opto-elekronik) ve E/O (elektro-optik) 
dönüşümler bu hıza bir limit oluşturmaktadır. Varılmak istenen hedef ise tüm ağı 
baştan başa optik lif ile bağlamaktır. Bu şekilde tüm bağlantılar fiberoptik kablolar 
üzerinden hiçbir elektronik dönüşüme ihtiyaç duymadan iletilebilmektedir. Bu çeşit 
ağlara “tam optik ağlar” ve bu tip ağlarda kurulan bağlantılara “ışıkyolu” 
denilmektedir.  
Çalışmamız temel olarak tam bağlantılı ağlarda ışıkyolu kurulması temeline 
dayanmaktadır. Bu tür optik WDM ağlarda yönlendirme ve dalga boyu atama 
algoritmalarının karşılaştırılması için bir simülasyon aracı geliştirilmiştir. Bu 
simülasyon aracından elde edilen sonuçlar algoritmaların başarımlarını göstermekte 
ve karakteristikleri ile ilgili fikir vermektedir. 
Bu tez yönlendirme ve dalga boyu atama algoritmalarının simülasyonu ve önerilen 
yeni algoritmalarının, oluşturulan GUI aracına adaptasyonu üzerine odaklanmıştır. 
Geliştirilen grafik kullanıcı arayüzü uygulaması kullanıcıya bu algoritmaların nasıl 
karşılaştırılması ile ilgili çok sayıda fonksiyon sunmaktadır. Kullanıcılar ayrıca kendi 
algoritmalarını bu arayüze kolayca ekleyebilmektedirler.  
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OPTICSIM: SIMULATOR FOR ROUTING AND WAVELENGTH 
ASSIGNMENT SIMULATOR IN OPTICAL NETWORKS 
SUMMARY 
In the past decade, computer and telecommunication networks have experienced 
quite a drastic change. With the explosive growth of the Internet, there has been a 
huge demand for network bandwidth; Wavelength division multiplexing (WDM) has 
emerged as a promising technique to utilize the huge bandwidth of optical fibers. As 
a result of this development, Routing and Wavelength Assignment (RWA) became 
one of the most important issues in optical networks. New techniques and algorithms 
are proposed for adapting the old protocol structure to the new huge capacity optical 
networks and using the capacity of optical networks efficiently. WDM is an 
attractive technique since the same fiber can be used for multiple data streams and 
this creates a need for algorithms how to use these data streams on one fiber 
effectively. 
Despite of providing huge capacity, O/E (opto-electronic) and E/O (electro-optical) 
conversions put a limitation to this incredible network speed. The desirable goal is to 
connect the network with fiber-optic on an end-to-end basis, where all connection 
goes through fiber-optic cables without any conversion. These types of networks are 
called “all-optical networks” and the connections established on these networks are 
called “lightpaths”. 
Our study mainly depends on the subject of establishing lightpaths on all-optical 
networks. A simulation tool is developed to compare the routing and wavelength 
assignment algorithm on wavelength-routed optical WDM networks. The results 
obtained show us the performance of the algorithms and gives about the 
characteristics of these algorithms by using the simulation tool. 
This thesis focuses on creating of a GUI application to simulate RWA algorithms and 
to adapt newly developed RWA algorithms into the GUI tool. This GUI application 
is very useful in order to compare the performance of various RWA algorithms. 
 xii
1. INTRODUCTION 
The explosive growth of the Internet and the development of an information-oriented 
society, the requirements of the Internet have increased drastically. These 
requirements created a need for a technology to transmit data with high bandwidths 
and Wavelength Division Multiplexing (WDM) has been a solution in order to 
supply enormous bandwidth needs. WDM is based on the idea of using the 
characteristic of fiber-optic for carrying multiple data streams simultaneously; 
however, there is a fundamental requirement in fiber-optic that the channels, which 
are obtained with WDM technique, must operate at different wavelengths. This is 
one of the most important constraint of WDM technology and the purpose of 
wavelength assignment algorithms depend on this. Today, WDM is used by many 
network providers for point-to-point transmission. The telecommunications industry, 
network service providers, and research communities worldwide are paying close 
attention to this technology. 
Although optical networks operate at high speeds, some problems are faced as a 
result of this speed and our thesis subject “routing and wavelength assignment” is 
one of these problems.  In optical networks; the data streams are transferred on light 
wavelength instead of copper wire and routing decisions become more important 
while working with light-speed. The limited capacity of optic switches and 
constraints of high frequencies, data streams must be routed from source to 
destination without waiting queues.  
In WDM networks, data is transmitted on wavelengths. This property requires 
routing by using wavelengths. A wavelength-routed network that carries the data 
streams from source to destination without any O/E or E/O conversions is called “all 
optical” network. The connection that is established from source to destination on 
fiber-optic cables is referred as “light path” or “clear channel”.  
All-optical networks may not support to switch from one wavelength to another one . 
The constraint of using one wavelength per path is known as wavelength continuity 
constraint.  
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Figure 1-1: Wavelength Conversion in Optical Networks 
Wavelength-continuity constraint can be relaxed if we have the ability to convert the 
data on one wavelength to another wavelength in the next node with the help of some 
devices. This is referred as wavelength conversion and the networks that have such 
switches are called wavelength-convertible networks. 
Basically, RWA problem interests in creating lightpaths between source and 
destination pairs and assigning a suitable wavelength for this connection. In this 
work, we keep the wavelength continuity constraint. RWA is an NP-Complete 
problem, hence some heuristics are proposed to reach a solution. The RWA problem 
can be divided into two main subproblems: The first sub-problem is finding a route 
between a source and a destination, briefly routing problem, and the second sub-
problem is choosing the right wavelength on that route. Routing sub-problem can be 
solved by using shortest path algorithms. Wavelength assignment employ various 
techniques such as random wavelength assignment, first-fit, least-used, most-used, 
least-loaded. These heuristics will be explained and compared in the following 
chapters. 
The main goal of the study is to create a user-friendly graphical user interface 
application to simulate routing and wavelength assignment algorithms. Some well-
known heuristics are added to the application and the results observed are presented. 
Chapter 2 gives an overview about the RWA techniques. Chapter 3 gives the 
implementation details of the tool developed. The comparison results of various 
RWA techniques are given in Chapter 4. Chapter 5 concludes the work by giving 
future directions.  
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2. OVERVIEW OF ROUTING AND WAVELENGTH ASSIGNMENT 
This section gives an overview of the optical communications network, the 
technologies used in it and briefly the basic differences of it from non-optical 
communications network. It provides a brief knowledge about the topic for the reader 
to understand the rest of the thesis. 
2.1 Overview of Optical Communications Network 
Fiber-optic cables gained a big importance for network backbones for its high 
capacity and low error rate properties. Light is used as the carrier in these cables. 
Wavelength Division Multiplexing method aims to carry as many multiple data 
streams as possible. If E/O (electrical to optical) and O/E (optical to electrical) 
converters exist in the system then these conversions must be done in the system and 
this will decide the limits of the system. Optic switches are used to communicate in 
the optic area before entering electronic area by limiting the conversions only at the 
source and destination node. An optic circuit is established from source and 
destination in this way and no O/E conversion or via versa is needed in the middle 
nodes for transmission. This Lightpath is indexed with its wavelength in the system. 
These networks are referred as transparent. 
This kind of networks will supply the isolation of the transmission protocols, used in 
source and destination nodes, as well as increasing the transmission capacity. The 
management and operation of the nodes in the middle part, used for transmission of 
coming data stream, is also simplified in this way.  
As stated in the handbook of optical communication, one of the most important 
factors in design of WDM networks is deciding on the number of wavelengths to use. 
The number of maximum wavelengths is limited by optical device technology and is 
affected primarily by the total available bandwidth or spectral range of the 
components (including the fiber) and the spacing between the channels. 
Conventional fibers have a low attenuation range between 1335 and 1625 nm with a 
“water-peak window” at 1385 nm [1].  
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Channel spacing is affected by several factors: 
1. Channel bit rates 
2. Optical power budget 
3. Non-linearities in the fiber 
4. The resolution of transmitters and receivers 
The optical components used in point-to-point optical WDM can be seen in Figure 
2.1.  
 
Figure 2-1: Optical components in point-point optical WDM 
The operation of this mechanism is sending the signals via transmitters (lasers) and 
coupling the signals by using a multiplexer (wavelength) into a fiber. Signals may be 
amplified by using amplifiers. In the figure, EDFA stands for erbium-doped fiber 
amplifiers and OADM stands for optical add drop multiplexers.  
In wavelength-routed all-optical networks, the nodes at the source and destination 
communicates thorough the lightpath. Lightpath is a connection type which consists 
of one or more fiber-optic cables. The constraint of using the same wavelength from 
source to destination is referred as wavelength-continuity constraint.  
Wavelength-continuity constraint can be overcome with switches that can do 
wavelength-conversion. But the prices of devices that is capable of doing this 
conversion is too expensive and that results in considering other techniques to 
efficiently use network under the wavelength-continuity constraint. 
2.1.1 Optical Networks Architecture 
A point-to-point optical transport link is the basic structure of all type of optical 
networks. Some certain known topologies are formed by the combination of these 
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basic point-to-point optical transport links. The evolution of optical networks started 
from SONET and electric time-domain multiplexing (ETDM). ETDM was used to 
obtain high bit-rate in optical domain. And another global standard came out of 
North America that is called as synchronous digital hierarchy (SDH). There are some 
variations of this protocol, which uses the standard (STM-m), such as; STM-1, STS-
3, STM-4, STS-12 and so on. 
In parallel to wavelength division multiplexing (WDM) and time division 
multiplexing (TDM) technologies, researchers are pushing optical time domain 
multiplexing (OTDM) that can take tens of gigabit stream to several hundreds of 
gigabit streams. An explosive growth occurred in the 1990s when EDFAs 6 became 
available and multiple wavelength signals could be amplified without de-
multiplexing. The so-called course WDM migrated to dense-WDM (DWDM) and 
ultra-dense WDM, and new standards are still evolving [1]. 
 
In literature, one finds an array of terminology to describe the various optical 
networks related to architecture, geographical coverage, multiplex-technology, 
management, switching- and routing-based technologies and so on.  
As mentioned before, point-to-point optical connection constitutes an optical 
network infrastructure. The geographic area definition can also be other criteria to 
divide network into types. The overall network infrastructure is divided into three 
major zones: access/edge, regional/metro and long-haul/backbone optical networks.  
Access/edge-networks provide the connectivity of source and destination clients to 
the nearest node or carrier central. These kinds of networks’ range are from 1 to 10 
kilometers. Long-haul networks are used for backbone connections and span greater 
region and global distances.  
Metro and regional networks are the gaps between access and long-haul networks. 
There is not a defined measure for the spanning area of metro and regional networks. 
As a result of serving as interconnects and bridge the gap between the access the 
networks and the high-speed metro-core, several equipments and protocol 
requirements need to be considered for this kind of networks. These networks needs 
the essential technologies such as WDM, optical ADM (OADM) and such 
technologies to become a bridge to convert access network’s electrical signals to 
optical wavelengths.  
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2.1.2 Wavelength Division Multiplexing (WDM) 
Synchronous Optical Network/Synchronous Digital Hierarchy (SONET/SDH) 
infrastructure and Time Division Multiplexing are essential technologies for limits in 
terms of bandwidth. These constraints are the results of frame size, framing rate, 
clock speed, and device opto-electronics and so on. The original driver for the 
development of WDM technology was the need for original bandwidth. Wavelength 
Division Multiplexing is a promising approach for using enormous bandwidth of 
optical laser. WDM is a big revolution inside the optical communications revolution.  
The existence and advance of optical fiber communications is based on the invention 
of the laser, the invention of low-loss optical fibers. The need for higher capacity 
transmission was helped by the fact of the development of more powerful computers. 
This is one of the key reasons why the explosive growth of optical fiber transmission 
technology parallels computer processing and other key information technologies. 
• WDM required the development of many new enabling technologies such as  
• Broadband optical amplifiers of high-gain 
• Integrated guided-wave wavelength filters and multiplexers 
• WDM laser sources 
• High speed modulators 
WDM technology is progressing at a high pace. This pace is enabled by high-speed 
electronics. The potential bitrate per WDM channel has increased to up to 40 Gb/s 
and higher.  
The dramatic decrease in transmission cost, combined with the unprecedented 
capacities appearing at a network node and new traffic statistics imposed by the 
Internet and data transmission has caused a rethinking of long-haul and ultra long-
haul network architectures. New designs are being explored that take advantage of 
the fact that WDM has opened up a new dimension in networking: it has added the 
dimension of wavelength to the classical networking dimensions of space and time. 
New architectures are under explorations that are transparent to bitrate, modulation 
format and protocol [2]. 
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Figure 2-2: WDM Network Types 
Four kinds of WDM systems are available: 
• Metro WDM (<200 km) 
• Long-haul or regional WDM (200 km to 800 km) 
• Extended long-haul WDM (800 km to 2000 km) 
• Ultra-long-haul WDM (>2000 km) 
2.1.3 Wavelength Conversion in WDM Networks 
An optical switch can do the switching of a wavelength i on an incoming link to a 
wavelength j on an outgoing link. Optical switch must have the wavelength-
conversion capabilities to do this. This conversion process is required in some 
necessary cases for the continuity of data transmission.  
There are three classes of wavelength routing switches: [1] 
1. Switches with full-wavelength conversion capability, which can switch an 
incoming wavelength to any outgoing wavelength. 
2. Switches with limited-wavelength conversion capability, which can switch an 
incoming wavelength to a subset of the outgoing wavelengths. 
3. Switches with no-wavelength conversion capability, which can switch an 
incoming wavelength only to the same outgoing wavelength. 
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In the last case, a lightpath occupies the same wavelength on each fiber link along its 
path in the network (Wavelength continuity constraint) and these wavelength-routed 
networks are referred as wavelength-continuous networks. This constraint increases 
the probability of call blocking. Call blocking will be the main interest of the 
performance criteria in the thesis. The bandwidth available on the defined lightpath is 
reserved for connection during its holding time and the wavelength used in that path 
cannot be allocated to other connections. When the connection is terminated, the 
lightpath allocated before, becomes idle again on all of the links along the route.  
O/E and E/O conversions are also another constraint that affects the performance and 
it has been shown that the blocking probability is decreased and network 
performance is improved in full-wavelength conversion.[3] 
 
 A single lightpath can use a different wavelength along each of the links in the path 
in network-convertible networks. A wavelength-convertible network which supports 
complete conversion at all nodes is just like a circuit-switched network.  
 
In k-adjacent wavelength switching, an incoming wavelength can be translated only 
to a subset (feasible wavelength set) consisting of k of the W outgoing wavelengths 
[1].  
  
2.1.4 All-Optical Networks 
All-optical networks are the wave of the future. The demand for higher bandwidth 
and the emerging technologies and applications makes the development of end-to-
end fiber-optic network inevitability. The AON era is approaching and the telecom 
and technology leader companies must decide on the standards for this technology.  
 
Figure 2-3: All-optical Networks 
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Signals must remain in the optical domain from source to the destination in all-
optical networks. This can be done by eliminating opto-electronic conversions. Opto-
electronic conversion is the most known bottleneck of optical networks.  
Wavelength routing is invented to enable the switching in optical networks. A 
wavelength router is an optical switch that is capable of routing a signal based on its 
input port and its wavelength. A wavelength router may have the additional 
capability of changing the wavelength of the signal it routes. 
 
Switch 1
Switch 3
Switch 2
Switch 4
incoming fibers
outgoing fibers
 
Figure 2-4: Wavelength Router 
A wavelength-routing node with nodal degree three and four wavelength is shown 
above. 
2.1.5 Traffic Types in Optical Networks 
In a wavelength-routed network, the traffic can be either static or dynamic [4]: 
• Static Traffic Pattern: The requests are known before the system start and 
lightpaths are set up according to these requests. The lightpaths remain in the 
network for a long period of time. 
• Dynamic Traffic Pattern: Traffic requests and data flows vary in time. New 
ligtpaths must be set up or released to supply the variations in the traffic. The 
ligtpaths should be re-checked as a precaution for hardware failures and 
connection problems etc and new ligtpaths must be established to failover if 
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necessary. Lightpaths are released after some finite amount of time and the 
resources for that lightpath is released back to the system. Some problems 
occur while using dynamic traffic pattern: routing and wavelength-conversion 
algorithms must use the resources as efficient as possible and the 
communication between the nodes must be well-designed. While algorithms 
produce the efficient output for using the sources, communication protocols 
take the responsibility of broadcasting the control and resource data about the 
network among the nodes.  
2.2 Routing and Wavelength Assignment 
Establishment of a lightpath between two nodes that aim to communicate each other 
with minimizing the effect of this lightpath for the following requests and 
eliminating the effect of this on already established connections is one of the most 
important problems of wavelength-routed optical networks. The routing problem 
consists of two sub-problems in wavelength-routed optical networks. The first sub-
problem is to decide on the path along the lightpath can be established and the 
second sub-problem is to assign a wavelength to the selected route. These two sub-
problems are the parts of Routing and Wavelength Assignment Problem.  It is aimed 
to use network resources efficiently and establish as many lightpaths as possible. 
There are some constraints while thinking on the result of this problem: 
• Two lightpaths on same fiber cannot be assigned to same wavelength. 
• If there aren’t and wavelength-convertible switch in the network, the same 
wavelength must be assigned to the lightpath along its route. This constraint 
is known as Wavelength-continuity constraint as mentioned before.  
These constraints are the primary inputs of RWA algorithms. These algorithms try to 
maximize the number of lightpaths that can be established from nodes while taking 
care of these constraints. 
This problem is NP-complete problem. Some heuristics are proposed for the solution 
of this problem. RWA algorithms play a key role in the performance improvements 
of wavelength-routed WDM networks.  
RWA can be categorized into two parts according to traffic type of the network: 
• Static Lightpath Establishment Problem 
• Dynamic Lightpath Establishment Problem 
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2.2.1 Static Lightpath Establishment (SLE) 
The static routing and wavelength establishment problem is also known as Static 
Lightpath Establishment Problem. In Static Lightpath Establishment, lightpath 
requests are known in the beginning and the lightpaths, established according the 
requests, remain in the network for the duration of network life-time.  The typical 
objective of SLE is to minimize the number of wavelength needed to establish 
lightpaths in the network as well as maximizing the number of connections that can 
be established. This dual problem creates the main concept of SLE.  
SLE with wavelength-continuity constraint can be formulated as an integer liner 
program (ILP). The aim of this formulation is to minimize the flow in each link. The 
formulation of this is deeply explained in the paper of Hui Zang, Jason P. Jue and 
Biswanath Mukherjee [5]. But shortly it can be summarized as follow: 
• Obtain the minimum number of wavelength required for a given set of 
connection requests by performing a search on the minimum number of 
wavelengths in the networks. 
• Maximize the number of established connections. 
Heuristics approaches are used for this NP problem.  
This problem can be grouped into two sub-problems as routing and wavelength 
assignment to minimize the complexity. 
• Routing sub-problem: This sub-problem can be solved with the known 
routing algorithms of shortest path, minimum cost path and etc. This problem 
is taken into consideration without the add-ons of optical networks’ 
wavelength and fiber number inputs. Increasing fiber numbers cause a 
decrease in blocking probability and with the more number of fibers all 
around the network, the more network treat like a network with convertible 
switches. 
• Wavelength assignment sub-problem: Graph-coloring problem can be used 
for the solution of this sub-problem. The route is selected on the previous 
sub-problem and path graph is obtained from this selection. There are so 
many resources for graph-coloring problem and this is also an NP-complete 
problem.  
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2.2.2 Dynamic Lightpath Establishment (DLE) 
Connection requests may change in time according to failover the node and edge 
problems and change the traffic pattern of the network. The decision for establishing 
the lightpaths must be made on-line. While deciding on which resource to use for the 
request, the resource must be allocated as efficient as possible to minimize the 
blocking probability of the further requests. The request may be blocked if any 
suitable wavelength along the route can not be found. There are also advanced 
reservation models for allocation of the resources. A typical reservation model is 
characterized by  
• Source node 
• Destination node 
• Bandwidth demand 
• Specified starting time 
• A specified duration (STSD) 
In some networks, QoS quality and insurance are expected and advance resource 
allocation methods are used to supply this demand. This allocation mechanism also 
decreases the blocking probability. [6] 
There are some constraints for dynamic lightpath establishment like the constraints 
of SLE such as:  
• Two lightpaths on same fiber cannot be assigned to same wavelength. 
• Wavelength-convertible switches must be taken into consideration. If the 
network has all wavelength-convertible ability then the presence of one free 
wavelength on fiber is enough for lightpath establishment. 
If there is no wavelength-converter in the network, then same wavelength must be 
used along the selected path and that wavelength must not be used for another 
connection.  
Because of the dynamic structure of DLE problem, it will be divided into two parts:  
• Routing Sub-problem 
• Wavelength Assignment Sub-problem 
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2.2.2.1 Routing sub-problem 
The routing problem is selecting the proper path for establishing the lightpath 
according the coming request. There are some methods for this sub-problem: 
2.2.2.1.1 Fixed Routing 
Fixed routing is a widely used static routing technique in which every source-
destination pair is assigned to a single path [7]. One of the shortest-path algorithms 
must be used for route selection. If a lightpath is requested between two nodes then 
the route, which is selected before, must be used for the lightpath establishment.  
This is the simplest route selection technique among others. Using the same route 
between two needs increases the blocking probability. System redundancy decreases 
as a result of having one path to compare.  
The selected route is always the shortest path in terms of node number and capacity. 
The following figure shows the shortest path from node0 to node2.  
0
1 2
5 4
3
 
Figure 2-5: Fixed Routing from node0 to node2
2.2.2.1.2 Fixed-Alternate Routing 
This technique considers multiple routes. More than one path can be taken into 
consideration to increase the system redundancy. Fixed-alternate routing technique 
selects a route between source and destination among the previously decided ones 
when a request arrives. Nodes maintain a routing table that contains the fixed routes 
from it to the other nodes. The most important thing for these routes is not to share 
any common links. Fixed-alternate routing aims to find as many routes as possible 
which don’t share any common links. The more routes the node has in its routing 
table, the more redundant the network will be.  
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The source node attempts to establish a connection with the source by trying every 
possible route from it to destination node under the requirement of the selected 
wavelength assignment.  
 
0
1 2
5 4
3
W1
W2  
Figure 2-6: Fixed alternate-routing from node0 to node2
The figure above shows the existing routes from node0 to node2. Maximum number 
of fixed-alternate routes from node1 and node2 is two. The important criterion for 
these routes is that W1 and W2 don’t share any common links among their paths. If 
one suitable route can’t be found from source to destination then the connection is 
blocked.  
There are some advantages of fixed-alternate routing from fixed-routing [5]: 
• Fixed-alternate routing provides simplicity for lightpaths management. 
Establishing and tearing up lightpaths become easier in this technique.  
• Fixed-alternate routing provides some degree of system redundancy against 
fault tolerances. 
• Fixed-alternate routing decreases blocking probability compared to fixed-
routing. 
• As stated in the same paper[5]: “It has been shown that, for certain networks, 
having as few as two alternate routes provide lower blocking probabilities 
than having full wavelength conversion at each node with fixed routing”. 
Some heuristics to select the proper routes among the route set is as follow:  
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• Alternate Shortest Path (ASP) 
This method aims to find the route with minimum hop-count. Classic 
shortest-path algorithms with modifications can simply be applied to this. 
• Least Loaded Path (LLR) 
Least Loaded Path algorithm evaluates every route with the most congested 
path it has while selecting the proper route from the route set. But it evaluates 
the capacity for the most congested path as the free number of wavelength it 
has. This measure sometimes results in not finding a suitable wavelength for 
lightpath establishment under wavelength-continuity constraint. LLR success 
ratio is proportional to optic fiber/ number of wavelength. More than one 
optic fiber creates the effect of wavelength-conversion in the optical network.     
• Least Loaded Path with k (LLR_k) 
Least Loaded Path algorithm evaluates every route in the route set and selects 
the route which fits the criteria of the method. But the selected route may be 
blocked as a result of wavelength continuity problem. This situation can be 
fixed by looking at the following routes in the route set.   
• Fixed Path Least Congested (FPLC) 
Fixed Path Least Congested algorithm evaluates the route capacity in terms of 
the lightpaths that can be established through source node to destination node. 
The usage ratio of wavelength at every edge must be known in this method. 
The number of lightpath that can be established through every node in the 
path is evaluated and the complexity of this calculation is very high.   
• Fixed Path Least Congested with k (FPLC_k) 
Fixed Path Least Congested algorithm’s computational complexity is very 
high and this must be fixed with some modifications. k value indicates the 
number of nodes that is taken into consideration. All the links through the 
path are not evaluated for calculating the number of ligtpaths that can be 
established through these nodes. Defining a k value decreases the 
computational time and complexity of FPLC algorithm. FPLC-k gives better 
results if k value converges to the average number of nodes in the optical 
network. 
 15
FPLC_k algorithm is a modified version of FPLC algorithm and provides 
simplicity for computational time and complexity. 
Below there is an example for the comparison between LLR and FPLC 
algorithm: 
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Figure 2-7: Topology for FPLC and LLR comparison  
Two fibers present between every node in the topology and every wavelength 
presents in both fibers. The wavelength usage information can be seen in the 
table below. A request arrives for a wavelength establishment from node1 to 
node5. There are two possible routes from this connection. The first 
connection P1 follows the path node1, node3 and node5. The second 
connection follows the path node1, node4 and node5. The results of FPLC and 
LLR algorithms are as follow:  
Table 2-1: Wavelength usage for FPLC and LLR comparison 
 λ1 λ1 λ2 λ2 λ3 λ3 λ4 λ4
L1         
L2 X X X X     
L3         
L4 X X X  X X  X 
L5         
L6 X X   X  X X 
L7     X X X X 
L8         
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According to LLR algorithm, P1 route has 4 idle wavelengths and P2 route has 
2 idle wavelengths. LLR selects P1 for bigger idle wavelengths. This 
connection cannot be established under the wavelength-continuity constraint.  
According to FPLC algorithm, P1 route has 0 idle wavelengths and P2 route 
has 2 idle wavelengths.  FPLC selects P2 because P1 hasn’t any resource to 
n LLR algorithm but 
its complexity is bigger compared to LLR because FPLC computes the 
• 
 node, the 
first k links obtained for each route are evaluated in term of congestion. The 
avelengths that is continuous among 
along its k links is chosen as successor. If two paths supply the same 
• 
Estimated Congestion Routing does not interest in wavelength continuity 
constraint like FPLC type algorithms. It uses a congestion function to 
compute an approximate the link load of the optic network. The parameters to 
com
nt traffic 
o The link cost 
              (2.1) 
The comparison of LLR, LLR_k, FPLC, FPLC_k, HFPLC_k and ECR will 
be shown in the following example: 
allocate for connection. This algorithm seems better tha
possible lightpath establishment. 
Hybrid Fixed Path Least Congested with k (HFPLC_k) 
Hybrid Fixed Path Least Congested with k algorithm’s main idea is to use the 
k most congested links on each route to find the best route when a request 
arrives. Unlike FPLC_k algorithm, HFPLC_k uses k most congested path and 
avoids using the most congested path. When a request arrives to the
route with the more number of free w
requirement then the path with smallest number of hops is chosen. 
Estimated Congestion Routing (ECR) 
pute the link load: 
o The link curre
o The link capacity 
The congestion level of a link (i,j) on a path P [8]: 
( ) ( )jipji ttswavelengthfreeofnumberC ,1, cos/cos)___( ∗= −
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Figure 2-8: Topology for algorithm comparison. 
The wavelength usage of this topology can be seen in Table 2.2. . A request 
arrives for a wavelength establishment from node1 to node6. There are four 
possible routes from this connection. P1 follows the path node1, node2 and 
node6. P2 follows the path node1 and node6. P3 follows the path node1, node3 
and node6. P4 follow the path node1, node4, node5 and node6. The k value is 
selected as 2.  
Table 2-2: Wavelength usages for algorithm comparison. 
 λ1 λ2 λ3 λ4 λ5 λ6 λ7
L1  X X     
L2  X    X  
L3  X  X  X X  
L4  X   X    X  
L5  X   X X  X  X  
L6   X  X X X X 
L7    X X X X 
L8    X   X 
 
The results of LLR, LLR_k, FPLC, FPLC_k, HFPLC_k and ECR are:  
According to LLR the route and wavelength selections: 
o P1 (1,2,6): link L5 (1,2) and link L4 (2,6) are analyzed. 2 wavelengths 
are idle on the most congested link (L5). 
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o P2 (1,6): link L6 (1,6) is analyzed. 2 wavelengths are idle on the most 
congested link (L6). 
o P3 (1,3,6): link L7 (1,3) and link L8 (3,6) are analyzed. 3 wavelengths 
are idle on the most congested link (L7). 
o P4 (1,4,5,6): link L1 (1,4), L2 (4,5) and L3 (5,6) are analyzed. 3 
wavelengths are idle on the most congested link (L3). 
LLR selects P3 for connection establishment because it has 3 wavelengths 
are idle on the most congested link. P1 route and P4 routes both have 3 idle 
wavelengths. Why is P1 selected for successor? Because P3’s path is 
shorter than P4.  
According to LLR_k (k=2) the route and wavelength selections: 
LLR_k selects P1 for successor route. There is no wavelength-
continuity problem for P3 and no need to take the following paths into 
consideration. 
According to FPLC, the route and wavelength selections: 
o P1 {1,2,6} : link L5 (1,2) and link L4 (2,6) are analyzed. λ2 and λ3 are 
suitable. 2 lightpaths can be established through this route.  
o P2 {1,6} : link L6 (1,6) is analyzed. λ1 and λ2 are suitable. 2 lightpaths 
can be established through this route. 
o P3 (1,3,6): link L7 (1,3) and link L8 (3,6) are analyzed. λ1, λ2 and λ3 are 
suitable. 3 lightpaths can be established through this route. 
o P4 (1,4,5,6): link L1(1,4) , link L2 (4,5) and L3 (5,6) are analyzed. λ1 
and λ5 are suitable. 2 lightpaths can be established through this route. 
FPLC selects P3 for successor route because 3 lightpaths can be 
established through this route.  
According to FPLC_k, (k=2) the route and wavelength selections: 
o P1 {1,2,6} : link L5 (1,2) and link L4 (2,6) are analyzed. λ2 and λ3 are 
suitable. 2 lightpaths can be established through this route.  
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o P2 {1,6} : link L6 (1,6) is analyzed. λ1 and λ2 are suitable. 2 lightpaths 
can be established through this route. 
o P3 (1,3,6): link L7 (1,3) and link L8 (3,6) are analyzed. λ1, λ2 and λ3 are 
suitable. 3 lightpaths can be established through this route. 
o P4 (1,4,5,6): link L1(1,4) and link L2 (4,5) are analyzed. L3 isn’t 
analyzed because of k value equals to 2. λ1, λ4, λ5 and λ7 are suitable 
for connection. 4 lightpaths can be established through this route. 
FPLC_k selects P4 for successor route. FPLC_k thinks P4 is a good 
route considered to other by looking its two links. 4 lightpaths can be 
established by looking its two links and doesn’t interest in the rest of 
the route. This reduced computational time and complexity. 
According to HFPLC_k, the route and wavelength selections: 
o P1 {1,2,6} : link L5 (1,2) and link L4 (2,6) are analyzed. λ2 and λ3 are 
suitable. 2 lightpaths can be established through this route.  
o P2 {1,6} : link L6 (1,6) is analyzed. λ1 and λ2 are suitable. 2 lightpaths 
can be established through this route. 
o P3 (1,3,6): link L7 (1,3) and link L8 (3,6) are analyzed. λ1, λ2 and λ3 are 
suitable. 3 lightpaths can be established through this route. 
o P4 (1,4,5,6): link L1(1,4) , link L3 (5,6) are analyzed. L2 isn’t analyzed 
because of k value equals 2 and L1 and L2 are the most congested 
links in P4 route. 2 lightpaths can be established if we only think L1 
and L3 as only links of P4 route. 
HFPLC_k selects P3 for successor. It checks every two congested 
paths of every route and finds P3 the best route for connection 
establishment.  
 According to ECR, the route and wavelength selections:  
o P1 (1,2,6): link L5 (1,2) and link L4 (2,6) are analyzed.  
( ) 4
3)
4
1
2
1(6,2,1 =+=C  
o P2 (1,6): link L6 (1,6) is analyzed. 
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o P3 (1,3,6): link L7 (1,3) and link L8 (3,6) are analyzed. 
( ) 15
8
5
1
3
1
6,3,1 =⎟⎠
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o P4 (1,4,5,6): link L1(1,4) , link L2 (4,5) and L3 (5,6) are analyzed. 
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ECR consider each link a unit cost and this simplifies the formula. 
ECR selects P2 for the successor route. Its congestion level value is 
smaller that other routes.  
Table 2-3: Route Selection Results 
  P1 P2 P3 P4
LLR   X  
LLR_k   X  
FPLC   X  
FPLC_k    X 
HFPLC_k   X  
ECR  X   
 
Table 2.3 shows the results of the algorithms. Most of the algorithms select P3 
as successor. When we look at the network topology and the resource 
position overall, P3 seems to be the desired route for connections. 3 lightpaths 
can be established on this route. FPLC_k and ECR select routes for this 
topology. The reason of this, these algorithms focus on evaluating the 
successor in short time. The more time we gain from these algorithms, the 
more disadvantages we have for route selection.  
FPLC_k is claimed to be an improvement for FPLC algorithms for 
computational time and complexity but this improvement sometimes become 
a disadvantage for not finding a better route for lightpath. All fixed-alternate 
algorithms have disadvantages like this.  
LLR_k increases the complexity for LLR but it ensures to find a wavelength-
continuity supplied path for lightpath.  
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HFPLC_k seems to be better from FPLC_k for looking at the most congested 
paths but the complexity also increases in this algorithm compared to 
FPLC_k. 
ECR is a new proposed fixed-alternate algorithm and based on the idea of 
finding a route with least congested. It sure has advantage for short 
computational time. If we define H as the maximum length of a candidate 
path between a pair of nodes, K as the number of candidate paths and N as 
the number of nodes then ECR’s complexity is O(NKH2) [8].  
2.2.2.1.3 Adaptive Routing 
Adaptive routing chooses the route from source to destination dynamically 
depending on the network state. The network state must be known for routing and 
determined by knowing all the connections currently in progress. There are some 
forms of adaptive routing. Adaptive shortest-cost-path routing is one of them.  
There are some assumptions in this adaptive shortest-cost-path routing [5]: 
• Each unused link has a cost of 1 unit. 
• Each used link has a cost of ∞ unit. 
• Each wavelength-converter has a cost of c unit. 
• If wavelength conversion is unavailable, c=∞. 
For example a connection request arrives to an optical network that uses adaptive-
shortest-cost-path as routing algorithm; the shortest path from source to destination is 
calculated. If this algorithm finds more than one path with the same value then the 
route is chosen randomly.  
A connection is blocked if no route is found from source to destination. Routing 
tables of the routes must be updated according to the topology changes with 
protocols like RIP, OSPF etc. These protocols are very crucial for this algorithm. 
Adaptive routing has an advantage of lower blocking compared to fixed-routing and 
fixed-alternate routing algorithms. This is the most important different of adaptive 
routing from other fixed-type routing algorithms. 
There are also other types of adaptive routing algorithms like Least Congested Path 
(LCP) Routing. This routing is so similar to alternate routing. In this routing, the 
connection request is established on the path that has the largest number of free 
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wavelength. If first connection doesn’t provide the requirements like a tie then the 
second most congested path is chosen. In case of route carry the same idle 
wavelength number then the route with smaller hop-count is chosen. The wavelength 
is chosen randomly [9]. 
2.2.2.2 Wavelength Assignment sub-problem 
More than one idle wavelength may be present from source node to destination node 
while lightpath establishment. One of them must be chosen in order to establish a 
connection. There are some techniques for wavelength selection: 
• Random Wavelength Assignment (R): 
One of the wavelengths available in the set of idle wavelength set from source to 
destination is chosen in uniform probability.  
• First-Fit Assignment (FF): 
Wavelengths are numbered among themselves. The numbered wavelengths are 
considered in this numbered order. The first available wavelength is selected. The 
global information of the network is not needed while taking these decisions. Its 
complexity is simpler than the previous method as a result of not searching all the 
entire wavelength space. This idea of this method is to pack all the wavelengths 
in use towards the lower numbered wavelengths so the continuous wavelength 
that take part in the high numbered space will have a higher probability to find 
idle wavelength to establish connection [1].  
This method’s performance is very good for preventing blocking probability. Its 
computational time and low and that’s why it is a preferred method for 
wavelength assignment. 
• Least Used (LU): 
Least Used Wavelength Assignment selects the wavelength that is least used in 
the network. This method tries to distribute the wavelengths among the network 
uniformly. This uniform distribution prevents the probability of establishing long 
wavelength paths. The establishment of short wavelength paths is bigger in this 
method. The global information of the network is needed and this means 
computational complexity. This method’s performance is worse than Random 
Wavelength Assignment. 
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• Most Used (MU): 
This method is the opposite of Least Used Wavelength Assignment. This method 
select the wavelength that is most used in the network. The performance 
parameters (computational time, complexity etc.) of this method are similar to 
LU. The probability of establishing long wavelength paths is higher in this 
method.  
• Min-Product (MP): 
This method is used in multi-fiber networks. MP reacts as FF in single optic 
networks. MP aims to pack the wavelength into fibers for minimizing the number 
of fibers in the network [1].  
MP uses this formulation firstly 
∏
∈ )( pL
LjD
π
                   (2.2) 
for each wavelength. This formulation helps it to find the wavelength that 
minimizes this value in wavelength set. MP selects lowest-numbered in 
wavelength set. 
• Least-Loaded (LL): 
This method is also designed for multi-fiber networks. This method computes the 
usage of wavelengths on the least loaded fiber among the selected route and 
selects the wavelength that is used at fewer wavelengths than others. 
• MAX-SUM 
This method is designed for multi-fiber network but can also be used in single-
fiber networks. It considers all the possible routes that provide connection 
establishment and makes its choice providing the maximization of the remaining 
wavelength resource capacity. In other words, it selects the wavelength whose 
usage is below average to supply more resources for future connection 
requirements. This method also knows the global information about the network. 
The mathematical formulation of this method can be found in [1]. It explains 
method step by step for further reading. 
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3. SOFTWARE IMPLEMENTATION 
OPTICSIM (Optical Simulator) is GUI tool designed for simulating routing and 
wavelength assignment algorithms. Its GUI interface makes it easy to input data and 
see the results. The overall GUI interface of the software can be seen in Figure 3.1. 
 
Figure 3-1: OPTICSIM GUI interface 
The GUI interface is written in C++ with the help of QT library. The design of the 
software provides the addition of new algorithms. It is multiplatform software; it is 
tested on Windows, Linux and Solaris and has the potential to run on other UNIX 
type systems like HP-Unix, AIX, BSDs etc. It has also many good features which 
will be explained in the following chapters in detail. 
3.1 Functionality and User Manual 
OPTICSIM provides easy data input for users. The input topology can easily be seen 
and the data of wavelength and fibers can be seen with one mouse-click. This chapter 
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will give information about user about how to use the OPTICSIM efficiently. These 
data briefly explain in data input, running algorithms, considering the results and 
some extra features which make these processes easy. 
3.1.1 Topology Creation in OPTICSIM 
3.1.1.1 Node Creation 
 
Figure 3-2: Adding node to OPTICSIM 
User must right click on his/her mouse for adding node. When s/he clicks on the 
right mouse, the popup menu will appear. Selecting the add node action and clicking 
on it with left mouse button adds the node to the OPTICSIM screen. After adding 
node, some other actions become active in the popup menu.  
• Add Node: This action is explained above. 
• Add Edge: This action provides the creation of an edge between two nodes. 
• Node Info: This action provides a screen which shows info about node. 
• Erase Node: This action provides the deletion of node from screen. 
 
Figure 3-3: Node Pop-up Menu 
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Adding edge will be explained in the following chapter. Node Info action provides a 
detailed info about the selected node. A dialog box like Figure 3.5 will be seen on the 
screen if user clicks on it. 
 
Figure 3-4: Node Info Dialog Box 
This Dialog Box will give information about the following features of the node: 
• Node ID: Node’s unique ID on the topology. 
• Number of Edges Connected: Number of the edges connected directly to 
this node. The node in this example doesn’t have any edge connected.  
• Number of Requests: This part will be available after the simulation. This 
gives info the number of lightpath requested from this node. Blocking rate, 
accepted requests and refused requests contains the detailed info about the 
number of requested.  
• Edges Connected: This combo box contains the IDs of the edges connected. 
• Wavelength Converter: This part shows whether this node has wavelength 
conversion ability or not. This property can be changed by changing the value 
in the combo box and selecting OK. 
3.1.1.2 Edge Creation 
User must select the add edge action on the popup menu in Figure 3.4 and user also 
must click on a node to select the destination node for edge creation. For example the 
Figure 3.6 will appear if an edge is wanted to create from node2 to node1.   
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 Figure 3-5: Edge creation 
The dialog boxes are used to specify the direction, number of fibers and number of 
wavelengths.  
If the edge is unidirectional, the direction of edge must be specified and if edge is 
bidirectional then there is no need to specify the direction. User can also select the 
number of fibers and number of wavelengths. The default value of these properties is 
1 when system starts. The default value of fibers and wavelength can be changed 
from the main menu of the software like Figure 3.7.  
 
Figure 3-6: Default Fiber and Wavelength Number 
 
Figure 3-7: Input screens for the default fiber or wavelength number. 
The small dialog boxes in Figure 3.9 will help user to set the default value of fiber 
and wavelength numbers of the edge. 
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 Figure 3-8: Edge Popup Menu 
The small points on the edge helps user to understand the direction of the edge. If 
edge is bidirectional, there will be two small points. If edge is unidirectional, there 
will be one small point that will be near to the destination node.  
Right clicking on the edge shows the popup menu on Figure 3.8. The unexplained 
actions on this popup menu are: 
• Edge Info: This action provides a screen which shows info about edge. 
• Erase Edge: This action provides the deletion of the edge. 
Selection the edge info action shows a dialog box like Figure 3.9. 
 
Figure 3-9: Edge Info Dialog Box 
This Dialog Box will give information about the following features of the edge: 
• Edge ID: Edge’s unique ID on the topology. 
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• Number of Fibers: This shows the fiber number on the edge. This property 
can also be set by using the textbox and the set button. 
• Number of Wavelength: This shows wavelength number on the edge. This 
property can also be set by using the textbox and the set button. 
• Connection capacity: Connection capacity is the multiplication of number of 
fibers and number of wavelengths. 
• Edge Type: This shows whether this edge is unidirectional or bidirectional. 
• Direction: If edge is unidirectional, this section shows the direction of the 
edge from source to destination. 
Fiber and Wavelength number can be set just inputting the proper values to 
appropriate textboxes and pressing the OK value. 
3.1.1.3 Saving the Topology 
 
Figure 3-10: Saving The Topology 
By simply clicking on the save and selecting the location via Save Menu, the 
topology is saved into hard disk or a secondary storage. Save As is used to save a 
recently opened file under different filename. The Save Menu is just like a Save As 
Menu like Figure 3.11 
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Figure 3-11: Save Menu 
The topology is saved into three different files. These file types are: 
• OPB file: This file contains the matrix of fiber numbers between nodes. 
• OPD file: This file contains binary information of the properties of every 
node and edge in the topology. It stores all the necessary information about 
the topology and very crucial for the system. 
• OPW file: This file contains the matrix of wavelength numbers between 
nodes. 
3.1.1.4 Opening the Topology File (OPD) 
Opening the Topology file can be done from Open action in Figure 3.10.  
 
Figure 3-12: Opening the topology file 
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3.1.2 Other Features in OPTICSIM 
3.1.2.1 Information Box 
 
Figure 3-13: Network Information Box 
This dialog box shows the total number of nodes and edges of the topology. 
3.1.2.2 View Feature 
 
Figure 3-14: View Feature  
View Feature supplies the feature of showing the fiber number or wavelength 
number on the middle of the edge.  
• Based on Topology: This feature shows the pure view of the topology. 
• Based on Fiber Number: This feature shows the number of fibers on the 
middle of every edge. 
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• Based on Wavelength Number: This feature shows the number of 
wavelengths on the middle of every edge. 
This feature simplifies the action of knowing the fiber of wavelength number of all 
edges with one mouse click. 
3.1.2.3 Color and Edge Properties Change Feature 
This feature enables user the color of everything on the current topology.  
 
Figure 3-15: Change sub-menu 
This menu provides the following features: 
 
Figure 3-16: Change color dialog box 
This dialog box is same for every change color feature and provides this simple 
interface to change color. User can directly select the color or enter the RGB values 
of the color that he wants. User can the previous color of entered RGB on the color 
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part by pressing the see button. If user is sure about the RGB value then he can 
directly press OK to apply the color change to the specific feature. 
• Background Color: This feature changes the color of the screen background. 
• Node Color: This feature changes the color of every node in the topology. 
• Node Number Color: This feature changes the color of the every number on 
the nodes in the topology. 
• Line Color: This feature changes the color of every edge on the topology. 
• Default Fiber Number: This feature is explained in edge creation part in 
detail. 
• Default Wavelength Number: This feature is explained in edge creation part 
in detail. 
• Current Fiber Number: This feature changes the fiber number of every 
edge in the topology. 
• Current Wavelength Number: This feature changes the wavelength number 
of every edge in the topology. 
3.1.2.4 Zoom Feature 
This feature enables user to zoom in or zoom out the topology. 
 
Figure 3-17: Zoom out of the topology 
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 Figıure 3-18: Zoom in of the topology 
The topology can be zoomed in and zoomed out from this zoom menu. The detailed 
explanation of the zoom menu is as follow: 
• Zoom In: This action zooms in the topology on screen. 
• Zoom Out: This action zooms out the topology on screen. 
• Zoom: This action shows a dialog box which supplies many zoom in and 
zooms out function to user. 
• Zoom Actual: This action zooms the topology on the screen to its original 
size. 
 
Figure 3-19: Zoom Menu 
Zoom Menu Dialog Box supplies the zoom in and zoom out functions in detail. The 
values in the combo box indicate the zoom percentage. The more this value is, the 
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more the zoom of the topology will be.  The LCD screen above show the zoom 
percentage. The original size of the topology is 1. Zoom Actual action directly zoom 
the current topology to its original size.  
3.1.2.5 Inspect Feature 
 
Figure 3-20: Inspect sub-menu 
This sub-menu provides some features to see the optic matrix, the wavelength matrix 
and some other features to verify the saved files. The detailed information about 
these features is as follow: 
• See Optic Matrix: This feature shows the matrix of optic numbers between 
the nodes. These numbers indicate the edge’s optic number from nodex to 
nodey. The following dialog box like Figure 3.21 will appear if this action is 
selected. 
 
Figure 3-21: Matrix dialog box example 
• See Wavelength Matrix: This feature shows the matrix of wavelength 
numbers between the nodes. These numbers indicate the node’s wavelength 
number from nodex to nodey.  
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• Inspect OPB: This feature shows the matrix of the data read from OPB file. 
• Inspect OPW: This feature shows the matrix of the data read from OPW file. 
• Inspect OPD: This feature shows the content of the binary data. It has a 
special dialog box like Figure 3.22. 
 
Figure 3-22: Inspect OPD dialog box 
3.1.2.6 Lock Feature 
 
Figure 3-23: Lock sub-menu 
These features enable the lock and unlock of the movement of the objects on the 
topology screen. After pressing the lock content, the movement of the objects will be 
unavailable. The movement of these objects can be enabled by pressing the unlock 
content action. 
The default action is unlock content and lock content can be used in this situation to 
disable the movement of the objects. 
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3.1.3 Simulation Running in OPTICSIM 
 
Figure 3-24: Run sub-menu 
The most important part and the main purpose of the software are running the 
simulation. After choosing the run action, a dialog box like Figure 3.24 will appear 
on the screen. 
 
Figure 3-25: Simulation dialog box 
This simulation dialog box is the crucial part of the software. It enables user to   
• select routing  
• select sub-routing  
• select wavelength parameters 
• edit parameters such as number of connections etc. 
This detailed information about how to add routing, sub-routing and wavelength 
assignment will be explained in programming manual part of the thesis. 
The parameters of the simulation can be changed using the edit parameters button. 
The default values are read from parameter.dat. The structure of the parameter.dat is 
very simple and similar to XML syntax.  
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Table 3-1: parameter.dat content 
<must>0</must> 
<parameter>Number of Trials</parameter> 
<default>1</default> 
 
<must>0</must> 
<parameter>Number of Packets</parameter> 
<default>10000</default> 
 
<must>0</must> 
<parameter>Inter Arrival Time</parameter> 
<default>100</default> 
 
<must>0</must> 
<parameter>Mean Duration</parameter> 
<default>650</default> 
 
<must>LLR_k</must> 
<parameter>Number of routes to be searched</parameter> 
<default>1</default> 
 
<must>FPLC_k</must> 
<paramater>Number of links to be searched</parameter> 
<default>1</default> 
 
<must>Adaptive Routing</must> 
<parameter>Update Period</parameter> 
<default>0</default> 
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User can change the default value by changing the values between <default> and 
</default>. The new values of these parameters can be set by pressing the Edit 
Parameters button on Figure 3.25. 
 
Figure 3-26: Parameter set dialog box 
The new value of the parameter can be set by entering the new value and pressing the 
set button. 
Now the routing, sub-routing and wavelength parameters are selected. The 
simulation parameters are set and the simulation is ready to run. 
The simulation will run by pressing the run button. The following dialog box (Figure 
3.27) will be seen after pressing run button. 
 
Figure 3-27: Simulation results dialog box 
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This is the final screen before the simulation. The input values of the simulation can 
be seen on the right side of the simulation results box. These simulation parameters 
are: 
• Number of Trials: Number of times that the simulation will run. 
• Number of Packets: Number of lightpath establishment requests. 
• Inter Arrival Rate: Inter arrival rate of the lightpath requests. 
• Mean Duration: Mean duration of the lightpath requests. 
• Routing: Selected routing type. 
• Sub-routing: If the selected routing type is fixed-alternate routing then user 
must select the sub-routing type. 
• Wavelength Assignment: Selected wavelength assignment type. 
• Routing and sub-routing specific parameters: If the selected routing, sub-
routing or wavelength assignment need extra parameters, these parameters 
will appear in the combo box and the value of the parameter will be seen in 
the text box below this combo box. 
Some decisions are also present in this final dialog box for choosing the 
confidence interval rate and the logging type. The confidence interval rate’s 
possible values are: 
 
Figure 3-28: Choosing confidence interval rate. 
These confidence interval rates are read from a file named t_distribution.dat. These 
values can be changed by the user. The structure of the file is as follow: 
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Table 3-2: t_distribution.dat content 
8 33 
0 0.1 0.05 0.025 0.01 0.005 0.001 0.0005  
1 3.078 6.314 12.706 31.821 63.656 318.289 636.578  
2 1.886 2.920 4.303 6.965 9.925 22.328 31.600  
3 1.638 2.353 3.182 4.541 5.841 10.214 12.924  
4 1.533 2.132 2.776 3.747 4.604 7.173 8.610  
5 1.476 2.015 2.571 3.365 4.032 5.894 6.869  
6 1.440 1.943 2.447 3.143 3.707 5.208 5.959  
7 1.415 1.895 2.365 2.998 3.499 4.785 5.408  
8 1.397 1.860 2.306 2.896 3.355 4.501 5.041  
9 1.383 1.833 2.262 2.821 3.250 4.297 4.781  
10 1.372 1.812 2.228 2.764 3.169 4.144 4.587  
11 1.363 1.796 2.201 2.718 3.106 4.025 4.437  
12 1.356 1.782 2.179 2.681 3.055 3.930 4.318  
13 1.350 1.771 2.160 2.650 3.012 3.852 4.221  
14 1.345 1.761 2.145 2.624 2.977 3.787 4.140  
15 1.341 1.753 2.131 2.602 2.947 3.733 4.073  
16 1.337 1.746 2.120 2.583 2.921 3.686 4.015  
17 1.333 1.740 2.110 2.567 2.898 3.646 3.965  
18 1.330 1.734 2.101 2.552 2.878 3.610 3.922  
19 1.328 1.729 2.093 2.539 2.861 3.579 3.883  
20 1.325 1.725 2.086 2.528 2.845 3.552 3.850  
21 1.323 1.721 2.080 2.518 2.831 3.527 3.819  
22 1.321 1.717 2.074 2.508 2.819 3.505 3.792  
23 1.319 1.714 2.069 2.500 2.807 3.485 3.768  
24 1.318 1.711 2.064 2.492 2.797 3.467 3.745  
25 1.316 1.708 2.060 2.485 2.787 3.450 3.725  
26 1.315 1.706 2.056 2.479 2.779 3.435 3.707  
27 1.314 1.703 2.052 2.473 2.771 3.421 3.689  
28 1.313 1.701 2.048 2.467 2.763 3.408 3.674  
29 1.311 1.699 2.045 2.462 2.756 3.396 3.660  
30 1.310 1.697 2.042 2.457 2.750 3.385 3.646  
60 1.296 1.671 2.000 2.390 2.660 3.232 3.460  
120 1.289 1.658 1.980 2.358 2.617 3.160 3.373 
T-distribution of the obtained result values are computed with the following 
formulas. s2 is obtained from the N  and the obtained values. N stands for the number 
of trials. The obtained t_value from the table and using the formulation below. 
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The upper and lower confidence interval values are shown on the screen and written 
to log file if log file check-box is checked. 
User also should select the logging type if s/he wants the details of the simulation on 
a log file.  
 
Figure 3-29: Logging part 
User must click on the log file checkbox and select the appropriate log-type from the 
dialog box in Figure 3.30. The filename is automatically created according to time. 
 
Figure 3-30: Logging type 
LST (least):  The information as least as possible will be written to log file.  
NRL (normal): This is a little detailed logging type from LST. 
DBG (debug): This logging type writes everything about the algorithms to the log 
file. This is used for debugging purpose. This is not advised because it causes to slow 
down the system. The following dialog box will be shown to the user if DBG is 
selected. 
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 Figure 3-31: DBG warning message 
After pressing the run, the simulation starts to run. The number of requests and the 
number of blocked requests can be seen on the screen. 
 
Figure 3-32: Simulation Results 
The simulation results are written on the screen, blocking factor of every trial is 
written after the simulation finishes. At the end of all simulations,  
• Average of the blocking factors 
• Variance of the blocking factors 
• Confidence interval of the blocking factors 
The variance value is given if the number of trial is bigger than 1. The confidence 
interval is given if the number of trial is bigger than 1 and also the t value presents in 
the t distribution table. Otherwise -1 value is seen in the results of these values. 
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3.2 Software Design Description 
OPTICSIM design can be divided into three parts as: 
• GUI package 
• Routing package 
• Simulation package 
3.2.1 GUI Package  
This package consists of classes about user interface part. The main class which 
controls the communication between the classes took part in this package (Network 
Analyzer). All classes in this package are derived from QT classes. QT is used for 
graphical user interface part.  
3.2.1.1 QT Overview 
QT is a complete C++ application development framework. It includes a class library 
and tools for cross-platform development and internationalization. One of the key 
design goals behind QT is to make cross-platform rich client and server application 
programming easy and fun. 
Qt achieves this defined goal by abstracting low-level infrastructure functionality in 
the underlying window and operating systems, providing a coherent and logical 
object-oriented interface that makes sense to programmers. 
The Qt API and tools are consistent across all supported platforms, enabling platform 
independent application development and deployment. 
Qt applications run on all supported platform below: 
• Qt/Windows (Microsoft Windows XP,2000, NT 4, Me/98/95) 
• Qt/X11 (Linux, Solaris, HP-UX, IRIX, AIX and other UNIX variants) 
• Qt/Mac (Mac OS X) 
• Qt/Embedded (embedded Linux) 
Qt is used to supply cross-platform development. 
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3.2.1.2 GUI package classes 
 
Figure 3-33: GUI package classes 
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The GUI package consists of 21 classes. These classes mainly are used for input 
show and display.  
FigureEditor class provides the canvas item that is used for node and edge insertion 
operation. This class was derived from QTCanvasView class and all node, edge 
insertion and deletion operations are done through this function. This class includes 
the operations to user to input the topology with a few mouse clicks. This class uses 
ImageItem class for nodes and ExtendedLine class for edges.  
 
Figure 3-34: FigureEdit class relatives 
ImageItem class was derived from QCanvasEllipse and provides ellipse images on 
the canvas. It also holds the properties of the nodes as: 
• index_number : ID of the node 
• converting_ability : This bool variable indicates whether this node has  
converting ability or not. 
• number_of_edges_connected: This integer variable holds the number of 
edges connected to this node. 
• number_of_requests: This variable holds the number of requests done to this 
node after the simulation. If the trial number is more than one then this value 
is the average of these trials. 
• blocking_rate: This value indicates the blocking rate as refused / total 
requests. This is also an average value if the trial number is more than one. 
• accepted: This value indicates the number of accepted requests. This is an 
average value like the previous ones. 
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• refused: This value indicates the number of refused requests. This is an 
average value like the previous ones. 
• edge_IDs: This is an array of integers and these integers are the IDs of the 
connected edges. 
ExtendedLine class was derived from QCanvasLine and provides line images on the 
canvas. It holds the properties of the edges: 
• index_item: ID of the edge 
• from_node: ID of the start node 
• to_node: ID of the end node. 
• line_form: Type of the line. 
o BOTTOM Î 0 
o TOP Î 1 
o MIDDLE Î 2 
• direction: Direction of the line 
o UNIDIRECTIONAL Î 0 
o BIDIRECTIONAL Î 1 
• number_of_fibers: This value holds the number of fibers on the edge 
• number_of_wavelength: This value holds the number of wavelengths on the 
edge 
• connection_capacity: This value indicates the connection capacity as 
number_of_fibers * number_of_wavelength. 
AddEdge class provides a user interface dialog box to select the direction of the 
edge and also provides text boxes to input the fiber and wavelength numbers of the 
edge. This class was derived from QDialog. This class only provides a by-pass 
interface to create an edge between two nodes. This class is created and destroyed 
through the process of edge creation.  
 
 48
NodeInfo class provides a GUI interface to the user to show the properties of the 
node. It is created by Network_Analyzer through the request of FigureEditor. It also 
provides some interfaces to change the node properties.  
EdgeInfo class also provides a GUI interface like NodeInfo to show the properties of 
the edge. It is created by Network_Analyzer through the request of FigureEditor. It 
also provides text boxes to change the fiber and wavelength numbers of the edge. 
 
Figure 3-35: NodeInfo and EdgeInfo classes 
N_Situation class provides a GUI dialog box that shows the number of edges and 
nodes in the topology. It provides efficiency to the used for obtaining the number of 
these objects on the canvas. 
Fcolor class provides the functions to change the canvas color, node color, edge 
color and node number colors. It provides a GUI interface that provides some 
defined colors to the user. User may also input RGB values of the desired color.  
Matrix_Grid class provides a GUI that shows fiber or wavelength matrix between 
the nodes. These matrixes summarize the fiber and wavelength info of the edges. 
These matrixes are created with the help of canvas. The properties of the edges on 
the canvas are used for creating this class. 
Default_Show class provides the input box for entering  
• default fiber number: Default fiber number used while creating the edge 
• default wavelength number: Default wavelength number used while creating 
the edge 
• current fiber number: This action changes the fiber number of all edges in the 
topology. 
• current wavelength number: This action changes the wavelength number of 
all edges in the topology. 
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ZoomMenu class provides the actions of zoom-in and zoom-out of the canvas. It 
gets the desired ratio from the user and requests Network_Analyzer to perform 
the desired zoom action by calling the defined functions.  
FileShow class is written for the verification of the binary save file (opd). It 
shows the content of the binary file. It shows the number of nodes and edges in 
the binary file. It also shows the properties of every object in this binary file. If 
the properties are not in the suitable range then the file was corrupted. 
 
Figure 3-36: Class relations of the Network_Analyzer 
Topology class is used for inserting the info of the node and edge objects of the 
canvas into a proper structure to pass the simulation classes easily. It holds the 
number of edges and nodes in the topology. It also holds the pointers to the array of 
these objects. These pointers are types of Edge and Node classes. 
Edge and Nodes classes hold the necessary information for route computations. 
These classes also provide reservations for fiber and wavelengths. These values are 
used for statistical purposes after the simulation. EdgeOccupy class holds the usage 
of the wavelengths in it. Every Edge class has EdgeOccupy class pointer in itself. 
This provides Edge class to supply reservations for requests. 
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 Figure 3-37: Topology Class Relations 
Edge class has all the properties of ExtendedLine class. This class is used for passing 
the properties of ExtendedLine to the simulation. It includes EdgeOccupy class 
pointers to store reservation information. 
EdgeOccupy class holds the information whether the wavelength is busy or not. It 
holds the following variables: 
• occupy: This bool variable indicates the busy status of the wavelength. 
• fiber_id: This variable indicates the id of the fiber that the wavelength 
presents. 
• wavelength_id:  This variable indicates the id of the wavelength. 
• occupy_event_id: This variable indicates the id of the request that reserved 
this wavelength. 
Node class has all the properties of ImageItem class. This class is used for passing 
the properties of ImageItem to the simulation. The statistic values take part in this 
class and used during the simulation. After the simulation, these values are passed to 
the ImageItem object and these values can be seen with the help of the NodeInfo 
class. 
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 Figure 3-38: GUI package sequence diagram 
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RunForm class provides a user interface to select the algorithms and parameters for 
the simulation. Obtained values are passed to SimClass class to start the simulation. 
RunForm can be identified as a class created for passing the simulation parameters to 
SimClass. SimClass is created in this class.  
 
Figure 3-39: Running simulation classes 
SimClass class is responsible for the creation and the communication of the needed 
classes for the simulation. Topology, RouteController and EventController objects 
are created in this class. SimClass also gets the confidence interval rate and log type 
as input. The simulation starts and finishes in this object. The results of the 
simulations are also shown on the GUI.  
The simulation parameters are obtained from RunForm class.  These parameters are 
read from parameter.dat. New parameter values can be added to this file.  
Table 3-3: parameter.dat parameter insertion 
<must>Adaptive Routing</must> 
<parameter>Update Period</parameter> 
<default>0</default> 
What is understood from this parameter? 
• This parameter is needed by Adaptive Routing 
• This parameter’s name is Update Period. 
• The default value of this parameter is 0. 
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New parameters can be added to this file by obeying the rules above. The routing, 
sub-routing or wavelength algorithm that needs this parameter must be written 
between <must > and </must>. The name of the parameter must be written between 
<parameter> and </parameter>. The default value of the parameter must be written 
between <default> and </default>. 
The routing algorithms are read from routing.dat and wavelength algorithms are read 
from wavelength.dat. If new algorithms are added to the system then the content of 
these files must be changed. This adding part will be explained in the following 
chapters. 
LogInfo class provides user to select the logging type for the system. It helps Logger 
class to select the proper logging method for the simulation. User may input the 
logging type by using this dialog box. 
XCalculate class provides an interface to calculate the average, standard deviation 
and confidence interval of the simulation results. Obtained blocking rates are given 
to this class during the simulation and at the end of the simulation; this class provides 
the needed statistical results according to the given values. 
The formula used for obtaining confidence interval rate is as follow; firstly the 
average value is obtained: 
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Distribution T can be obtained by using the following formula. 
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The upper and lower limit of the confidence interval can be obtained by using the 
following formula: 
( ) 9.0// =+<<− ncSXncSXP µ                 (3.6) 
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3.2.2 Routing Package 
Routing Package is responsible of computing shortest path between all nodes. It has 
a simple class structure. Its classes based on holding the paths from the nodes. It also 
has the routing and wavelength algorithms in itself. 
3.2.2.1 Routing Package Classes 
 
Figure 3-40: Routing Package Classes 
This package consists of the classes for classes that are used for computing the 
available routes between nodes. As a result of using fixed-alternate routing, all 
available routes from source to destination must be found using shortest-path 
algorithms.  
RouteController class finds all the paths between every node that doesn’t share any 
common edge. This class also includes all the wavelength, sub-routing and 
wavelength for the RWA. Route selection, wavelength selection and wavelength 
reservations are done through this class. Shortest-path algorithms are also took part 
in this class. The Topology class is used in this class for wavelength reservations. 
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The requests are done from this class to Topology class. The relation of this class 
with Topology can be seen in Figure 3-40.  It uses RouteControl and indirectly 
RouteList class for getting the elements in the selected route. There is a matrix made 
from the pointers of RouteControl. If route control is a double pointer to the routes , 
the routes from source i to destination j can be obtained from route_control[i][j]. 
RouteControl class consists of the routes from a specific source to a specific 
destination. This class has two private elements: 
• int number_of_routes: The number of routes that are available from source i 
to destination j according to fixed-alternate routing schema. 
• vector <RouteList *> route: The pointers that shows the routes from source i 
to destination j. 
RouteList class holds the route from source i to destination j on route k. This calls 
consists of following variables: 
• int number_of_elements: Number of nodes on the route.  
• int route_id: The unique id of the route among all routes. 
• vector <int> path: The vector of the IDs of the nodes on the route. 
The class holds all the necessary info about a route. The node IDs on the route can be 
obtained from this route by just a simple function call. 
Table 3-4: getPath functions 
RouteList int getPath(int ** list,int * size) 
RouteControl int getRoute(int ** route,int * route_list_size,int index) 
 
RouteList getPath() function first argument is a pointer to a list and the second 
argument is the number of this list. These variables’ values are filled within the 
function. The dynamic memory allocation is done in the function. Programmers must 
free the list variable after the operations. This function can be used from 
RouteControl class indirectly. The first two parameters of the functions are same. 
index parameter defines the RouteList object index between source i and destination 
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j. If the programmer want the second route from source i to destination j the s/he 
must write the code below to reach that route. 
source_id indicates the source node id. 
destination_id indicates the destination node id.  
Table 3-5: Example getRoute code 
int * path; 
int   path_size; 
this->route[source_id][destination_id].getRoute(&path,  &path_size, route_id); 
 
route_id indicates the id of the route among other routes. 
 
Figure 3-41: How to create routing tables for nodes 
The sequence diagram shows the creation of the routing tables. The creation of all 
nodes is done within a loop and all routes can be stored in RouteController object. 
Routing Package classes may be the most important package of the software. New 
routing and wavelength algorithms can be added to this package. RouteController 
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has a few default algorithms and adding new ones can be done easily by looking at 
the structure of this algorithms. The RWA structure is very easy. The steps of RWA: 
• Find the suitable route from source to destination according to the routing 
algorithm. If no suitable wavelength then block request.  
• Find the suitable wavelength among the wavelength set. If wavelength 
continuity problem for selected wavelength then block call. 
3.2.3 Simulation Package 
Simulation Package is responsible of creating the events for the simulation. The 
parameters that are needed for events are created in this package. The randomly 
selected sources and destinations provide the selection of the route for the lightpaths. 
The simulation is controlled by EventController class and the other classes help it for 
the creating and holding the events for processing. 
3.2.3.1 Simulation Package Classes 
 
Figure 3-42: Simulation Package Classes 
Simulation package consists of classes which provide the processing of event for 
creating a simulation environment. The event creation is controlled by the main class 
EventController. EventList provides the array mechanism for storing Events. Event 
is simply an event unit that must be processed for simulation continuity. 
EventController is responsible for creating the events and processing the events. 
The traffic is produced with the assumptions of Poisson arrival processes and 
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exponentially distributed holding times. The requested connection sources and 
destinations are created randomly. The created connection requests are simulated 
with Event class. These requests are inserted to a list in its proper time slot. This list 
is simulated with EventList class. A system type is present in EventController class 
and updated according to the popped element from the list. EventList class is actually 
a stack. The Event class are pushed and popped into this stack. This class has the 
pointer of RouteController class in itself. This class is needed for establishing 
connections and reserving the proper wavelengths on the topology. The parameters 
for arrival time and holding times are defined with: 
• inter_arrival_time: arrival time of the request. 
• mean_duration: holding time of the connection on the system. 
The inter_arrival_time is created with Poisson arrival processes and mean_duration 
is created with exponentially distributed holding time.  
EventList class is responsible for providing a stack structure for events. It is a very 
simple class. It only provides pushing and popping of the Event objects. EventList 
class only provides an interface functions for popping and pushing. 
Event class simulation the events that are created in EventController class. It holds 
the necessary attributes for creating an event: 
• double  time_value : The time that the event will be processed. 
• int   source_node : The source node of the connection. 
• int   destination_node : The destination of the connection. 
• int  callid : The unique ID of the Event. 
• event_type  event_value : This indicates the type of the event 
o TYPE_NO_EVENT :  No event  
o TYPE_SYSTEM_START: Start the system with this event. 
o TYPE_NEW_CALL: connection request call. 
o TYPE_RELEASE_CALL: connection release call. 
o TYPE_UPDATE_ROUTE_CALL : update call for adaptive routing 
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• int   event_id : The event is totally identified as TYPE_NEW_CALL + 
TYPE_RELEASE_CALL. This variable indicates the ID of this event.  
Event object is processed according to these variables. Firstly this object is popped 
from the stack according to time_value. The route and wavelength are selected 
according to source_node and destination_node values. The reservations are done 
according to event_id value. For example when a reservation is done with a event_id 
x TYPE_NEW_CALL then an event with event_id x TYPE_RELEASE_CALL can 
free the allocations.  
send nodes and edges
 : 
Network_Analyzer
 : RunForm : SimClass  : XCalculate  : Topology  : 
RouteController
 : 
EventController
 create routing table of all elements
 insert parameters for the event controller
 send optic and wavelength matrix 
confidence interval rate
 run simulation
start simulation
start simulation
start the 
simulation
creating the topology
create routing controller
create event controller
create X Calculate
se...
Event objects are created until reaching the number_of_packets value of the 
EventController class. The simulation is repeated for number_of_trials times. This 
variable is obtained from the user. The communications of objects for the simulation 
is explained in the sequential diagram below: 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-43: The sequence diagram for simulation 
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The sequence diagram (Figure 3-43) shows the steps of the simulation. SimClass and 
RunForm are responsible for getting the parameters needed for the simulation. 
imClass’s runForm() function is responsible for processing the simulation. 
imClass’s steps: 
• Creating the Topology object for the network. 
• Creating the RouteController object and inserting Topology object into it. 
• Creating the EventController objec rting the RouteController into it.  
• Passing the obtained parameters to the EventController.  
• Creating XCalculate object for statistical computations. 
• Running the simulation for user-specified times.  
• Showing the results of the simulation on the screen. 
3.3 How to add new algorithms 
New routing and  the application. 
Routing and Wavelength algorithms can be added to Routing Package. This adding 
part will be explained in detail. ECR and HFPLC_k routing algorithms’ adding steps 
<route>Fixed Routing</route> 
<ro e
 
 
 <s
 <subroute>FPLC_k</subroute> 
 <subroute>A
 
 
<route>Adaptive Routing</route> 
S
S
t and inse
 wavelength assignment algorithms can be added to
will be explained in detail as an example for the programmers.  
Table 3-6: routing.dat file content 
ut >Alternate Routing</route> 
<subroute>LLR</subroute> 
<subroute>LLR_k</subroute> 
ubroute>FPLC</subroute> 
SP</subroute> 
<subroute>HFPLC_k</subroute> 
<subroute>ECR</subroute> 
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Now HFPLC_k algorithm will be added and adding will be explained step by step. 
Firstly the routing name is added to the routing.dat file. This file consists of the 
If a wavelength assignment algorithm is wanted to be added to the application then it 
must be added to the  The new wavelength 
assignment algorithm should be added to the file between <wavelength> and 
<
wavelength.dat file content 
routing and sub-routing algorithms. HFPLC_k is a fixed-alternate routing algorithm. 
It must be added as a sub-routing algorithm under the main routing algorithm. The 
line which is written in bold was added to the routing.dat file.  
wavelength.dat file (Table 3-7).
/wavelength>. 
Table 3-7: 
<wavelength>Random</wavelength> 
<wavelength>First Fit</wavelength> 
<wavelength>Least Used</wavelength> 
<wavelength>Most Used</wavelength> 
 
The algorithm na t file. If the routing algorithm needs any 
parameter then it must be added to parameter.dat (Table 3-1) file. New parameter is 
<parameter>Number of congested links to be searched</parameter> 
me was added to routing.da
needed for HFPLC_k algorithm. This parameter is added as follow: 
Table 3-8: Parameter insertion 
<must>HFPLC_k</must> 
<default>1</default> 
 
The insertion of the new parameter is explained in previous chapters in detail. 
HFPLC_k routing needs the parameter of “Number of congested links to be 
searched” for the simulation. The default value of this parameter is 1. The parameter 
can be changed from this file or from the GUI interface before starting the 
simulation. How to get the parameter value in the code will be explained in the 
following chapter while explaining how to add the code part. 
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T  
b
  
            int id_stamp) 
{ 
 
 ) 
 
  return destination,id_stamp); 
 
 else if(this->getAlgorithm() == "Alternate Routing") 
{ 
 if(this->getSubAlgorithm()== "LLR")  // LLR algorithm 
  { 
f routes to be 
searched"); 
 
   return 
  } 
 "FPLC")  // FPLC algorithm 
 
   return this->FPLC_RWA(source,destination,id_stamp); 
 
  else 
 
  lue = this->getParameterValue("Number of links to be searched"); 
 
  return this->FPLC_k_RWA(source,destination,k_value,id_stamp); 
 } 
  else if(this->getSubAlgorithm()== "ASP")  // ASP algorithm 
  { 
   ); 
  } 
LogFile(DBG,"Unexpected SubRouting Format..."); 
} 
); 
able 3-9: Code adding in the route part.
ool RouteController::doRouting(int source, 
                       int destination,
if(this->getAlgorithm() == "Fixed Routing"
{ 
this->Fixed_Algorithm(source,
} 
 
 
   return this->LLR_RWA(source,destination,id_stamp); 
  } 
  else if(this->getSubAlgorithm()== "LLR_k")  // LLR_k algorithm 
  { 
   int k_value = this->getParameterValue("Number o
this->LLR_k_RWA(source,destination,k_value,id_stamp); 
 else if(this->getSubAlgorithm()== 
 { 
 } 
if(this->getSubAlgorithm()== "FPLC_k")  // FPLC_k algorithm 
 { 
     int k_va
 
 
  { 
   return this->ASP(source,destination,id_stamp); 
  } 
 
else if(this->getSubAlgorithm()== "HFPLC_k") // HFPLC_k algorithm  
{ 
 int k_value = this->getParameterValue("Number of congested links to be searched"); 
 return this->HFPLC_k_RWA(source,destination,k_value,id_stamp); 
} 
  else if(this->getSubAlgorithm()== "ECR") 
return this->ECR_RWA(source,destination,id_stamp
  else 
  { 
   tezim_logger->writeTo
  } 
 
 else if(this->getAlgorithm() == "Adaptive Routing") 
 { 
  tezim_logger->writeToLogFile(DBG,"Adaptive Routing.."); 
 } 
 else 
 { 
  tezim_logger->writeToLogFile(DBG,"Unexpected Routing Format..."
 } 
 return true; 
} 
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The name of the function for HFPLC_k algorithm HFPLC_k_RWA() and the needed 
meter.dat file can be obtained with the function 
erValue(). The code that is added to this part can be seen in Table 3-9. 
PLC_k_RWA(int source_index, int destination_index, 
if(selected_route == -1 || selected_route == RESOURCE_FULL) 
gth = this->selectWavelength(source_index, 
            destination_index, 
            selected_route); 
th==  
urces 
ted_route, 
         selected_wavelength, 
parameter from para
getParamet
Now the necessary thing is to add the routing code to the system.  
Table 3-10: HFPLC_k_RWA function 
bool RouteController::HF
           int k_value, int event_id) 
{ 
 if(this->route_matrix[source_index][destination_index] == 0) 
  return false; 
 
 int selected_route = HFPLC_k_Algorithm(source_index, 
   destination_index,     
       k_value); 
 
 
   return false; 
 
 
 // select wavelength 
 
 int selected_wavelength; 
 
 selected_wavelen
    
    
 
 
         if(selected_wavelength==-1||selected_waveleng
AVELENGTH) NO_SUITABLE_W
  return false; 
 
 // get reso
 
           getResources(source_index, 
               destination_index, 
 
 
         selec
          event_id); 
 
           return true; 
} 
 
The structure of RW onnection is checked 
whether a route exists or not between source and destination then 
HFPLC_k_ le route-set. 
The return value of the function is checked for failures. It is time to find a suitable 
wavelength on the selected route. 
A functions is standard. Firstly the c
Algorithm  called n the availabis  for finding a route betwee
selectWavelength is called for finding the 
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wavelength and this wavelength selection 
a  getResources 
f lightpath. The steps of 
t e func hm is present in 
H d part is actually this function. It is not 
necessary to explain this function in detail. This function selects the suitable route 
accordin rithm. New function may be added if necessary.  
If the user wants to add new wavelength then it should be added in selectWavelength 
f nction
able 3 11: selectWav
i
 
  int selected_route) 
{
 in h; 
 
 "Random") 
 { 
  s  randomWavelength(source_index, 
                      destination_index, 
                    selected_route); 
 } 
 h() == "First Fit") 
 { 
  selected_wavelength = firstFitWavelength(source_index, 
                   destination_index, 
                    selected_route); 
 } 
is done by using the selected wavelength 
ssignment algorithm. If this function returns a suitable value then
unction is called for reserving the necessary resources for the 
h tion are very easy and understandable. The actual algorit
FPLC_k_Algorithm function. The adde
g to HFPLC_k algo
u .  
T - elength function 
nt RouteController::selectWavelength(int source_index, 
            int destination_index, 
           
 
t selected_wavelengt
if(this->getWavelength() == 
elected_wavelength =
   
  
else if(this->getWavelengt
 
 } 
 else if(this->getWavelength() == "Least Used") 
 { 
  selected_wavelength = leastUsedWavelength(source_index, 
                                                                   destination_index, 
               selected_route);   
 } 
 else if(this->getWavelength() == "Most Used") 
 { 
  selected_wavelength = mostUsedWavelength(source_index, 
               destination_index, 
                  selected_route); 
 } 
 else if(this->getWavelength() == "Least Loaded") 
 { 
  selected_wavelength = leastLoadedWavelength(source_index, 
                  destination_index, 
                  selected_route); 
 
} 
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After adding the wave dat file. The name of 
the algorithm is checked with getWavelength() function. After checking the result of 
 is called.  
ese are the necessary steps for adding RWA algorithm into the application. For 
plication, the code must 
for the future developers. Also HTML 
een from 
is HT  do mentation. 
length assignment name in wavelength.
this function, the written wavelength assignment function
Th
further information about adding new algorithms into the ap
be studied. It is written as simple as possible 
library documentation is prepared. The relation of the classes can easily be s
th ML cu
 
Figure 3-44: A screenshot of the library documentation 
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4. COMPARISON OF RWA ALGORITHMS 
The comparison of the algorithms is done according to the blocking probability 
versus traffic per node (erlang).  Some parameters are changed to show the effect of 
them on the traffic. The parameters that are changed for showing the effect on the 
traffic: 
F: The number of fibers per link. 
W: The number of wavelengths per link. 
k: The parameter for LLR_k, FPLC_k and HFPLC_k 
λ: The connection request arrival rate  
1/µ: The connection call holding time 
The comparison will be done with the obtained results and the results that are gotten 
from various papers on this subject.  
The traffic mo ly distributed 
duration. Each edge has a call arrival process and these processes are independent. 
The traffic per node is calculated via the formula   
del used is a Poisson arrival of calls with exponential
[10]  
erlangload µ
λ=                   (4.1) 
The overall traffic of the network is calculated via the formula 
erlang
N
loadtraffic
)1(
_ −= µ
λ                 (4.2) 
The parameters and the formulas above provide the comparison of algorithms within 
themselves. The efficiency of the algorithms can be compared by looking at the 
blocking rate under the same condition.  
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4.1 Wavelength Assignment Algorithms Comparison 
Firstly the Wavelength Assignment Algorithms are compared among themselves. 
he other papers to make sure that 
the implementations of the algorithms are right. 
avelength Assignment 
signment 
 
The results of the simulation are compared with t
The implemented wavelength assignment algorithms are: 
• Random Wavelength Assignment 
• First Fit W
• Most Used Wavelength As
The obtained results in [11] are as follow:
 
Figure 4-1: Blocking probability versus traffic load for the single-fiber network (1). 
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Figure 4-2: Blocking probability versus traffic load for the single fiber network (2). 
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The result in [12] is as previous. This result shows the same behavior like the 
previous result. This verifies the performance of wavelength assignment algorithms. 
 
The blocking probability rates of the algorithms are same with the previous figures.  
The following figure is obtained from the simulation results of OPTICSIM. The 
assumptions of the simulations are: 
• Number of fibers per edge: 1 
• Number of wavelengths per fiber: 3
• Selected Topology: NFSNET 
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Figure 4-3: Blocking probability versus traffic load for the single-fiber network (3). 
 
Figure 4-4: The NFSNET network used in the simulation 
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As it can be seen from the figures, MU (most used) wavelength assignment performs 
the best performance and Random wavelength assignment performs the worst. These 
results are same with the previous results and verify the correctness of the simulation 
4.2 Routing Algorithms C
Tw i the simulations. The topologies that are 
selected are NFSNET and Pan-European Network.  
environment.  
omparison 
o s mulation topologies are selected for 
 
Figure 4-5: Pan-European Network Topology 
4.2.1 NFSNET Network Simulation Results:  
simulations are: 
• Number of fibers per edge: 1 
• Number of wavelength per fiber: 3 
• Number of trials per simulation: 100 
• Number of connection requests per trial: 100000 
• Selected wavelength assignment algorithm: Least Used Wavelength  
LLR, LLR_k, FPLC, FPLC_k, HFPLC_k, ECR, ASP routing algorithms are used in 
the simulations. 1, 2 and 3 values are used for k value. Twelve simulations were done 
in this topol rithms were 
The first simulation platform is NFSNET (Figure 4.4) and the assumptions of the 
ogy for comparison purposes. HFPLC_k and ECR algo
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added later and comparisons are based on the evaluating the recently added 
algorithms with the previous known ones.  
 
Table 4-1: NFSNET Topology Results #1 
 Node 
Traffic LLR_1 LLR_2 LLR_3 FPLC FPLC_1 FPLC_2 FPLC_3 
0,5 0,062775 0,044941 0,042318 0,0409 0,11349 0,087169 0,056423
0,6 0,093531 0,0724425 0,070208 0,068229 0,154681 0,12171 0,085326
0,7 0,125591 0,102149 0,100188 0,09743 0,19141 0,15362 0,114574
1 0,155098 0,135051 0,133605 0,129808 0,227998 0,186954 0,146523
0,9 0,189044 0,169375 0,167795 0,164629 0,264204 0,219948 0,18034 
1 0,216497 0,199208 0,199728 0,19619 0,294858 0,24932 0,210448
1,1 0,244801 0,229059 0,22994 0,22588 0,322761 0,275774 0,238801
 
Table 4-2: NFSNET Topology Results #2 
Node 
Traffic HFPLC_1 HFPLC_2 HFPLC_3 ECR ASP 
0,5 0,080525 0,073929 0,069945 0,08432 0,11306 
0,6 ,144928 0,117835 0,10923 0,105345 0,12123 0
0,7 ,153843 0,154662 0,145352 0,140546 0,175344 0
1 0,188832 0,179932 0,173938 0,188161 0,20585 
0,9 0,223236 0,214244 0,209645 0,221875 0,236621 
1 0,253761 0,245262 0,241414 0,250699 0,261536 
1,1 0,283474 0,274139 0,270458 0,2784 0,286571 
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Figure 4-6: Comparison of LLR and LLR_k (NFSNET) 
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The previous figure shows the comparison of LLR_1, LLR_2 and LLR_3. The LLR 
algorithm tries to find the path that is least loaded. LLR_k differs from LLR in the 
way that LLR_k tries the following path if the selected one is unsuccessful. Every 
crease in the k value means more computational time but less blocking probability. 
As a result of this re _1 and LLR_2. But 
this big difference can’t be seen between LLR_2 and LLR_3. In my opinion, this is 
directly the result of the topology. There may be more that two paths between a 
s n t to nd  st t u
co in
The oll u t ar F L  
FP 3. g ie  b h  
es he  F  d   
ghtpaths that can be established by looking at the first k edges. This improvement’s 
aim is to decrease the computational time and complexity of the FPLC algorithm. 
But this improvemen bability as it can be 
seen from the figure. When k value approaches the average number of links in the 
topology, F g  P ess lexity
in
ason, there is a big difference between LLR
ou  arce d a destina ion in the pology a  LLR_3 arts to ac as LLR_2 nder this 
nstra t. 
 f owing fig re shows he comp ison of PLC, FP C_1, FPLC_2 and
L _C  FPLC al orithm tr s to find the num er of lig t apaths th t can be
tablis d through the path. PLC_k’s ifference is to compute the number of
li
t results in an increase at the blocking pro
PLC_k ives better results as F LC with l  comp . 
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Figure 4-7: Comparison of FPLC and FPLC_k (NFSNET) 
ASP algorithm selects the path that has less minimum hop-count. This algorithm is 
very simple and has low computational time and complexity. ECR algorithm is also 
very easy to implement. Its idea depends on finding the least congested path by 
applying the formula (2.1) to every path. ECR seems to perform better results for the 
topology when compared with ASP but other algorithms’ results are better than this 
for NFSNET. 
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Figure 4-8: Comparison of ECR and ASP (NFSNET) 
HFPLC_k algorithm is an add-on to FPLC_k algorithm that first k congested edge is 
taken into consideration instead of first k edge. The more the k value, the less 
blocking probability is obtained like FPLC_k algorithm. But the real aim is to 
compare HFPLC_k algorithm with FPLC_k algorithm as we will do in the following 
part. 
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Figure 4-9: Comparison of HFPLC_k algorithm (NFSNET) 
The following figure shows the comparison of all algorithms among themselves. The 
difference of blocking probability also depends on the network topology as well as 
the algorithms themselves. The number of fibers and wavelengths per fiber also 
affects these results. FPLC gives the best performance for blocking probability but its 
computational time is higher when compared with other algorithms. FPLC_1 gives 
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the worst performance. When the k value gets bigger, the results converge to the 
FPLC results. 
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Figure 4-10: Comparison of Algorithms (NFSNET) 
HFPLC_k gives better results than FPLC in some k values. This condition should be 
the result of using fewer wavelengths in the topology. ECR and ASP algorithms’ 
purpose is to use less computational time but their blocking probability performance 
is not as good as the others. LLR algorithm gives good results and especially 
increasing k value make algorithm gives better blocking probability results. LLR’s 
blocking probability performance is not as good as FPLC but has less computational 
complexity than FPLC. 
4.2.2 Pan European Network Simulation Results:  
The second simulation platform is Pan European (Figure 4.11) and the assumptions 
of the simulations are: 
• Number of connection requests per trial: 100000 
• Number of fibers per edge: 2 
• Number of wavelength per fiber: 4 
• Number of trials per simulation: 100 
 74
• Selected wavelength assignment algorithm: Least Used Wavelength  
 
Fig on ure 4-11: Pan European Network used in the simulati
Table 4-3: Pan European Topology Results #1 
Node 
Traffic LLR_1 LLR_2 LLR_3 FPLC FPLC_1 FPLC_2 FPLC_3 
0,5 0,001191 0,000316 0,000331 0,00036 0,003888 0,003659 0,002535
0,6 0,003699 0,001428 0,001366 0,001423 0,010148 0,009994 0,007095
0,7 0,008975 0,004224 0,004237 0,004255 0,020888 0,021012 0,015425
1 0,017786 0,010021 0,009812 0,009862 0,036088 0,036419 0,027766
0,9 0,030434 0,019339 0,019133 0,019228 0,055367 0,05544 0,04357 
1 0,046013 0,032219 0,032129 0,031635 0,076748 0,076984 0,061743
1,1 0,063832 0,04843 0,047991 0,04747 0,099555 0,099719 0,081788
Table 4-4: Pan European Topology Results #2 
PLC_1 HFPLC_2 HFPLC_3 ECR ASP 
Node 
Traffic HF
0,5 0,001690 0,001062 0,000752 0,001171 0,005599 
0,6 0,005043 0,003506 0,002701 0,003712 0,012742 
0,7 0,011499 0,008684 0,007127 0,008854 0,023523 
1 0,021846 0,017437 0,015039 0,017691 0,03758 
0,9 0,03608 0,029926 0,026581 0,030101 0,054179 
1 0,053272 0,045867 0,041358 0,045471 0,072386 
1,1 0,072415 0,063851 0,059278 0,063255 0,09199 
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Figure 4-12: LLR and LLR_k comparison (Pan-European Network) 
This figure shows the same behavior with NFSNET. There is not much difference 
between LLR_2 and LLR_3. It can be the reason of reaching the average number of 
fixed-alternate path number between the nodes.  
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Figure 4-13:
This figure shows the same behavior with NFSNET like the previous figure. FPLC 
performs t p e ’ nce is very near to FPLC but 
worse than t FP fo r a e  average 
number of n  of in o _ in lity value 
is always w  w p  FPLC but its computational time and 
complexity i ess C ta l st expected 
behaviour. T  are l n s.
 FPLC and FPLC_k comparison (Pan-European Network) 
he best erformanc . FPLC_3 s performa
hat. LC_k per rms bette when k v lue conv rges to the
odes the paths  the topol gy. FPLC k’s block g probabi
orse hen com ared with
s l than FPL . The ob ined resu ts are ju  like the 
hese  the typica  of FPLC a d FPLC_k algorithm   
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Figure 4-14: ECR and ASP comparison (Pan-European Network) 
ECR algorithm’s performance is better in this topology as a result of high fiber and 
wavelength number. This performance can be seen clearly in the figure compared 
with all algorithms. ASP algorithm’s performance directly connected to the topology. 
It always selects the path with the minimum-hop. That’s why increasing fiber and 
wavelength number don’t affect the performance of it.  
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 over the results. 
Figure 4-15: HPLC_k comparison (Pan-European Network) 
HFPLC_k algorithm’s blocking probability values vary in a wider area unlike 
NFSNET. This may be the result of using different fiber and wavelength values.  
The following figure shows the comparison of all algorithms and this will give a 
common idea of the effect of topology, fiber and wavelength change
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Figure 4-16: Comparison of Algorithms (Pan-European Network) 
erformances are very near to 
FPLC. The better results of HFPLC_k can be seen. Its results are much better than 
FPLC_k. For example, the difference of FPLC_1 blocking probability and HFPLC_1 
blocking probability indicates how successful HFPLC_k algorithm is.  
In this simulation, ECR’s performance is better. Its blocking probability is lower than 
HFPLC_1 and nearly equals to HFPLC_2. This performance increase is better than 
the expected performance. Then an assumption can be made such as HFPLC’s 
performance depends on fiber number, wavelength number and topology. LLR and 
LLR_k algorithms performance are good. LLR_3’s algorithm’s blocking probability 
is as low as FPLC.  
The worst performance is obtained from FPLC_1 and FPLC_2 algorithm. This is an 
expected situation as a result of using small k values like one and two. In LLR_k and 
FPLC_k alg e blocking 
probability to the optimum. FPLC algorithm may be referred as optimum point for 
all algorithms.  
red 
for the algorithms to function properly. The results from the paper [8] are given 
 
As it can be seen from the figure, changing the fiber and wavelength number changes 
the behavior of all algorithms among themselves. FPLC’s blocking probability 
performs the best performance. LLR_2 and LLR_3’s p
orithms, increasing k values makes algorithm to converge th
This simulation also verifies that increasing fiber and wavelength number is requi
below and these results also prove OPTICSIM simulation results.  
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 Figure 4-17: Comparison of all algorithms 
These results show the worst behavior of FPLC_k like our results. The relation of 
HFPLC_k, FPLC and LLR algorithm can be seen from the figure and their difference 
 
for blocking probability is nearly same and ignorable. These results are nearly same 
with our results. This proves the reliability of our algorithm implementations. 
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5.  CONCLUSION AND FUTURE WORK 
In Optical WDM Networks, source and destination nodes communicate with each 
other through lightpaths. A suitable path and a free wavelength on this path must be 
found in order to establish a lightpath. Finding a path and selection a suitable 
wavelength problem is referred as Routing and Wavelength Assignment (RWA) 
problem. LLR (least loaded routing), LLR_k (least loaded routing with k), FPLC 
(fixed paths least co ested with k), ASP 
(alternate shortest path), ECR (estimated congestion routing) are widely used route 
selection algorithms. First Fit, Random, Least Used, Most Used are well known 
al user 
interface that makes it easy to input topology and simulation parameters. The RWA 
chniques mention above are included in the tool. This thesis contains a 
rogramming manual part to show the programmers the steps how to add new 
routing or wavelength assignment algorithm to the OPTICSIM software. The 
ddition of new algorithms is very easy and detailed class structures are present to 
help. By using OPTICSIM performance of various RWA algorithms can be 
ompared in terms of blocking probability under various situations.  
PTICSIM is multi-platform software and can run on many operating systems. It has 
een tested on Windows and Linux. OPTICSIM has so many abilities to help users 
for simulations. It has been tested for efficiency and memory-leak problems. GUI 
rovides easy usage and upgradeable class structure. New improvement can be made 
on GUI. QT library is required for this improvement. An HTML documentation of 
ll classes is also present for this task.  
ome modifications may be required considering adaptive algorithms or algorithms 
at need switches having wavelength-conversion capability. These modifications are 
schedule future tasks. 
 
ngested), FPLC_k (fixed paths least cong
wavelength assignment techniques. 
The main purpose of this thesis is to create software simulating the RWA techniques. 
The developed tool is called OPTICSIM. This software has also a graphic
te
p
a
c
O
b
p
a
S
th
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